The framework of a warped extra dimension with the Standard Model (SM) fields propagating in it is a very well-motivated extension of the SM since it can address both the Planck-weak and flavor hierarchy problems of the SM. We consider signals at the 14 and 33 TeV large hadron collider (LHC) resulting from the direct production of the new particles in this framework, i.e.,Kaluza-Klein (KK) excitations of the SM particles. We focus on spin-1 (gauge boson) and spin-2 (graviton) KK particles and their decays to top/bottom quarks (flavor-conserving) and W/Z and Higgs bosons, in particular. We propose two benchmarks for this purpose, with the right-handed (RH) or LH top quark, respectively, being localized very close to the TeV end of the extra dimension. We present some new results at the 14 TeV (with 300 fb − 1 and 3000 fb − 1) and 33 TeV LHC. We find that the prospects for discovery of these particles are quite promising, especially at the high-luminosity upgrade.
Introduction
The framework of a warped extra dimension a la Randall-Sundrum (RS1) model [1] , but with all the SM fields propagating in it [2, 3, 4 ] is a very-well motivated extension of the Standard Model (SM): for a review and further references 1 , see [6] . Such a framework can address both the Planck-weak and the flavor hierarchy problems of the SM, the latter without resulting in (at least a severe) flavor problem. The versions of this framework with a grand unified theory (GUT) in the bulk can naturally lead to precision unification of the three SM gauge couplings [7] and a candidate for the dark matter of the universe (the latter from requiring longevity of the proton) [8] . The new particles in this framework are Kaluza-Klein (KK) excitations of all SM fields with masses at ∼ TeV scale. In this write-up, we outline and suggest some benchmarks for the signals at the large hadron collider (LHC) for these new particles.
Review of Warped Extra Dimension
The framework consists of a slice of anti-de Sitter space in five dimensions (AdS 5 ), where (due to the warped geometry) the effective 4D mass scale is dependent on the position in the extra dimension. The 4D graviton, i.e., the zero-mode of the 5D graviton, is automatically localized at one end of the extra dimension (called the Planck/UV brane). If the Higgs sector is localized at the other end 2 , then the warped geometry naturally generates the Planck-weak hierarchy. Specifically, we have TeV ∼M P e −kπrc , whereM P is the reduced 4D Planck scale, k is the AdS 5 curvature scale and r c is the proper size of the extra dimension. The crucial point is that the required modest size of the radius (in units of the curvature radius), i.e., kr c ∼ 1/π log M P /TeV ∼ 10 can be stabilized with only a corresponding modest tuning in the fundamental or 5D parameters of the theory [10] . Remarkably, the correspondence between AdS 5 and 4D conformal field theories (CFT) [11] suggests that the scenario with warped extra dimension is dual to the idea of a composite Higgs in 4D [9, 12] .
SM in warped bulk
It was realized that with SM fermions propagating in the extra dimension, we can also account for the hierarchy between quark and lepton masses and mixing angles (flavor hierarchy) as follows [3, 4] : the basic idea is that the 4D Yukawa coupling are given by the product of the 5D Yukawa coupling and the overlap of the profiles in the extra dimension of the SM fermions (which are the zero-modes of the 5D fermions) with that of the Higgs. In turn, these fermion profiles are determined by 5D mass parameters, in units of k (denoted by c). The crucial point is that vastly different profiles for zero-mode fermions can be realized with small variations in the 5D mass parameters of fermions. So,
• the light SM fermions [i.e., 1st and 2nd generations and tau lepton and its neutrino, righthanded (RH) bottom quark] can be chosen to be localized near the Planck brane (via c > ∼ 1/2), resulting in a small overlap with the TeV-brane localized SM Higgs, while the top quark [including possibly left-handed (LH) bottom quark, being the weak isospin partner of the LH top quark] is localized near the TeV brane (c < ∼ 0) with a large overlap with the Higgs.
Thus we can obtain hierarchical SM Yukawa couplings without any large hierarchies in the parameters of the 5D theory, i.e. the 5D Yukawas and the 5D masses. 3 With SM fermions emerging as zero-modes of 5D fermions, so must the SM gauge fields. Hence, this scenario can be dubbed "SM in the (warped) bulk". Due to the different profiles of the SM fermions in the extra dimension, flavor changing neutral currents (FCNC) are generated by their non-universal couplings to gauge KK states. However, these contributions to the FCNC's are suppressed due to an analog of the Glashow-Iliopoulos-Maiani (GIM) mechanism of the SM, i.e. RS-GIM, which is "built-in" [4, 14] . The point is that all KK modes (whether gauge, graviton or fermion) are localized near the TeV or IR brane (just like the Higgs) so that non-universalities in their couplings to SM fermions are of same size as couplings to the Higgs. In spite of this RS-GIM suppression, the lower limit on the KK mass scale can be ∼ 10 TeV, although these constraints can be ameliorated by addition of flavor symmetries [15] . Finally, various custodial symmetries [16, 17] can be incorporated such that the constraints from the various (flavor-preserving) electroweak precision tests (EWPT) can be satisfied for a few TeV KK scale [18] . The bottom line is that a few TeV mass scale for the KK gauge bosons can be consistent with both electroweak and flavor precision tests.
Couplings of KK's
Clearly, the light fermions have small couplings to all KK's (including graviton) based simply on the overlaps of the corresponding profiles, while the top quark and Higgs have a large coupling to the KK's. To repeat, light SM fermions are localized near the Planck brane and photon, gluon and transverse W/Z have flat profiles, whereas all KK's, Higgs (including longitudinal W/Z) and top quark are localized near the TeV brane. Schematically, neglecting effects related to electroweak symmetry breaking (EWSB), we find the following ratio of RS1 to SM gauge couplings:
Here q = u, d, s, c, b R , l = all leptons, Q 3 = (t, b) L , and A (0) (A (1) ) correspond to zero (first KK) states of the gauge fields. Also, g xyz RS , g SM stands for the RS1 and the three SM (i.e., 4D) gauge couplings respectively. Note that H includes both the physical Higgs (h) and unphysical Higgs, i.e., longitudinal W/Z by the equivalence theorem (the derivative involved in this coupling is similar for RS1 and SM cases and hence is not shown for simplicity). Finally, the parameter ξ is related to the Planck-weak hierarchy: ξ ≡ √ kπr c . We also present the couplings of the KK graviton to the SM particles. These couplings involve derivatives (for the case of all SM particles), but (apart from a factor from the overlap of the profiles) it turns out that this energy-momentum dependence is compensated (or made dimensionless) by theM P e −kπrc ∼ TeV scale, instead of theM P -suppressed coupling to the SM graviton. Again, schematically:
Masses
As indicated above, masses below about 2 TeV for gauge KK particles (note that these are the same for gluon, Z, W and denoted by M KK ) are strongly disfavored by precision tests, whereas masses for other KK particles are expected (in the general framework) to be of similar size to gauge KK mass and hence are (in turn) also constrained to be above 2 TeV. However, direct constraints on masses of other (than gauge) KK particles can be weaker. The radion mass can vary from ∼ 100 GeV to ∼ 2 TeV. In minimal models, KK graviton is actually about 1.5 heavier than gauge KK modes, i.e., at least 3 TeV.
As far as KK fermions are concerned, in minimal models, they have typically masses same as (or slightly heavier than) gauge KK and hence are constrained to be heavier than 2 TeV (in turn, based on masses of gauge KK required to satisfy precision tests). However, the masses of the KK excitations of top/bottom (and their other gauge-group partners) in some non-minimal (but well-motivated) models (where the 5D gauge symmetry is extended beyond that in the SM) can be (much) smaller than gauge KK modes, possibly even ∼ 500 GeV.
3 Direct KK signals at the LHC, i.e., production Based on the above KK couplings and masses, we are faced with the following challenges in obtaining signals at the LHC from direct production of the KK modes, namely, (i) Cross-section for production of these states is suppressed to begin with due to a small coupling to the protons' constituents, and due to the large mass of the new particles;
(ii) Decays to "golden" channels (leptons, photons) are suppressed. Instead, the decays are dominated by top quark and Higgs (including longitudinal W/Z);
(iii) These resonances tend to be quite broad due to the enhanced couplings to top quark/Higgs.
(iv) The SM particles, namely, top quarks/Higgs/W/Z gauge bosons, produced in the decays of the heavy KK particles are highly boosted, resulting in a high degree of collimation of the SM particles' decay products. Hence, conventional methods for identifying top quark/Higgs/W/Z might no longer work for such a situation.
However, such challenges also present research opportunities, for example, techniques for identification of boosted top quark/Higgs/W/Z have been developed [20] .
The following table summarizes the production cross-sections for the spin-1 and spin-2 KK particles at the 14 TeV LHC (with KK mass set to 3 TeV) and the dominant decay channels. Based on the above discussion, note that the polarization of W/Z's in these decay channels is dominantly longitudinal. The bottom quark is LH, but the top quark can be either LH or RH. Some more details are in the sections that follow. In the following sections, we give details of studies of the KK particles in this framework performed as part of the Snowmass 2013 process: for more details of the specific models (including previous studies), see corresponding references given in each title and for an overview, see reference [21] .
3.1 A proposal for Two "Benchmarks" [22] In order to begin this discussion, we mention the benchmark models studied. The color [SU (3) c ] structure is standard and is thus is not shown. On the other hand, the electroweak (EW) gauge group is extended: SU (2) L × SU (2) R × U (1) X (as motivated by relaxing the constraint from the T parameter). The extra gauge bosons (relative to the SM) can be taken (by a suitable choice of boundary conditions) to have no zero-modes. The hypercharge is then given by Y = T 3R + X.
In the light of the large top mass, depending on 5D Yukawa coupling, it is clear that either (or both) LH and RH top have to be localized near the TeV brane. However if it is the LH top, then so is LH bottom thus creating a constraint from shift in Zbb coupling. On the other hand, the coupling to Z of t R as not been precisely measured thus far and hence such a localization of t R poses less of a constraint.
In order to alleviate the above constraint, i.e., have the custodial symmetry protection of the Zbb coupling [17] , we take the third generation left-handed quarks to be in the representation 4
2) 2/3 (for both cases I and II: see below) ,
where χ L , T L are taken to have no zero-modes 5 . We have Q(χ L ) = 5/3 and Q(T L ) = 2/3. To accommodate the large top and bottom mass difference we take it that t R and b R do not belong 4 In addition, the two 5D SU (2) gauge couplings are taken to be equal. The "canonical" choice would be that LH fermions are singlets of SU (2)R. 5 Only the 5D fermions with SM quantum numbers can have zero modes.
to the same SU (2) R multiplet. With the above choice, one can contemplate Q 3 L being localized near the TeV brane.
We consider two cases for the t R representations
where (once again) the extra fermions are chosen to have no zero-modes. For Case II, t R → (1, 1), the electroweak precision tests (EWPT) are better satisfied for Q 3 L peaked closer to the TeV brane, while for Case I, t R → (1, 3), for t R peaked closer to the TeV brane. So, we choose
After including the charges and the overlap integrals, the largest effective coupling of third generation fermions to gauge KK modes in Case II would be to Q 3 L , being larger than that in Case I, which would be to t R . Consequently, in Case I, the bottom quark is essentially not in the game, where it is in Case II. Thus, while on the one hand new gauge KK induced FCNC contributions would be larger in Case II (again since b L and hence down sector flavor violation is involved) and hence more problematic for the simplest constructions, on the other hand collider signals would be larger compared to Case I (for example, KK W decays to tb would be suppressed in case I, but significant in case II).
Also, the polarization of top quark resulting from the production and decay of KK particles is different in the two cases and hence this measurement can distinguish them.
Finally, note that
• exact localization of other (light) fermions is basically irrelevant for LHC signals (as long as they are localized near the Planck brane, i.e., c > ∼ 1/2, as we assume here). Hence the values of c's for them are not explicitly shown.
Sensitivity to narrow tt resonances in the all-hadronic decay channel
As seen from table 3, most spin-1 and spin-2 KK particles in the warped extra dimensional framework have significant BR to decay into tt. Also, in other models, there are Z which are leptophobic and thus have to be searched for via decays into quarks, in particular, top. So, it is very useful to perform a general study of tt resonances, which is the goal of this section.
In order to predict the expected sensitivity to narrow tt resonances at the 14 TeV LHC, we perform a search in the all-hadronic decay channel. The expected cross section limits are quoted for resonance masses of 2, 3, 4 and 5 TeV assuming 300 fb −1 and 3000 fb −1 of integrated luminosity. Those systematic effects which are expected to dominate are taken into account. The cross section limits are interpreted as limits on the mass of a leptophobic top-color Z boson [23] in this section, as well as limits on the masses of KK gravitons and KK Z bosons in Sec. 3.3 and 3.5, respectively 6 . Z signal samples are generated using Pythia [24] with a narrow resonance width. The background processes, Standard Model tt production and QCD multijet production, are generated with Herwig++ [25] , with a minimum p T requirement of 650 GeV on the two highest-p T partons required at generator level. All samples are overlaid with simulated minimum-bias events corresponding to three pile-up scenarios with an average number of interactions per bunch-crossing of µ = 0, 50 and 140. The samples are then reconstructed using version 3.0.9 of the DELPHES fast detector simulation [26] using the Snowmass detector [27] .
While the background cross sections are obtained at LO from the Herwig++ generator, the signal cross sections for Z production calculated in Ref. [28] for a resonance width of 1.2% are used, and a k-factor of 1.3 is applied [29] . Tab. 1 shows an overview of the cross sections considered at leading order (LO). Large-R jets are reconstructed with the Cambridge-Aachen [30] algorithm with a radius parameter of 0.8. They must fulfill p T > 750 GeV and |η| < 2.0. Top-tagging is implemented requiring the trimmed jet mass, m, to be larger than 80 GeV, and the largest di-subjet mass when the jet is de-clustered to three subjets, Q W , to be larger than 70 GeV. This top-tagging criterion was optimized using the ratio of the tagging efficiency for top quarks over the square root of the mis-tagging efficiency for non-top jets. A variety of substructure variables was taken into account, such as k t splitting scales, N -subjettiness variables and the number of subjets. Adding more variables to the top quark identification does not help to increase the performance significantly.
The decreasing b-tagging efficiency, ε, and b-tagging rejection of light quark jets, r, at high jet p T is taken into account by applying b-tagging weights to jets instead of using the default b-tagging as implemented in the Snowmass detector:
Benchmarks of ε(750 GeV) ≈ 50%, ε(1500 GeV) ≈ 30%, r(750 GeV) ≈ 40 and r(1500 GeV) ≈ 20 were used to parametrize the curves. In order to take into account the degradation of b-tagging algorithms with increasing pile-up, the fake rate, f = 1 r , is increased by In order to select events for the analysis, two top-and b-tagged large-R jets with p T > 750 GeV are required and the di-jet invariant mass is calculated. A signal window of ±500 GeV is chosen around the resonance mass for the statistical analysis, as shown for one example in Fig. 1 .
Four sources of systematic uncertainties are considered:
• An overall normalization uncertainty of the Standard Model tt background of 10% is assumed. With data, it may be constraint by the use of a tt dominated control region. • An overall normalization uncertainty of the QCD multijet background of 50% is assumed, which reflects the extrapolation uncertainty of the data-driven estimate of the QCD multijet background from a control region into the signal region.
• The jet energy uncertainty is assumed to be 2% of the jet p T . It is evaluated for signal and the Standard Model tt background, because the QCD multijet background is assumed to be estimated in a data-driven way.
• The uncertainty on the b-tagging efficiency is assumed to be 10% and is, analogously to the jet energy uncertainty, evaluated for signal and tt background.
All sources of systematic uncertainties are only considered as a change of the yield of the corresponding process. The effects on the shape of the invariant di-jet mass spectrum are neglected. The Bayesian Analysis Toolkit [31] is used to determine the 95% CL upper limits on the signal cross section for each mass point given the SM mass spectrum and that of a given signal model. Systematic uncertainties are taken into account as nuisance parameters of the fit, hence strongly constraining the mostly unconstrained QCD multijet background with its prior normalization uncertainty of 50%. Fig. 2 shows the expected cross section exclusion as a function of the Z mass for 300 fb −1 of 14 TeV data and µ = 50 (left), and for 3000 fb −1 of data and µ = 140 (right). The mass reach for both scenarios is 3.7 and 4.1 TeV, respectively. Tab. 2 gives an overview of the cross section limits for the different resonance masses and pile-up scenarios, as well as for the two different integrated luminosities.
In summary, it can be stated that with 300 fb −1 of data at 14 TeV, leptophobic top-color Z bosons with the above parameters can be excluded up to masses of 3.7 TeV using this analysis in the all-hadronic tt decay channel. With ten times more data, taking into account the more challenging pile-up conditions, the mass reach is increased to 4.1 TeV.
KK graviton [32]
Armed with the above benchmarks models, we now discuss searches for each type of KK particle in turn. The dominant production is via gluon fusion and decay channels for KK graviton are 
For a 2 TeV KK graviton, each of these cross-sections can be ∼ O(10) fb with a total decay width of ∼ O(100) GeV. In more detail, the production is governed by
where
is KK graviton mass 7 and T gluon µν is 4D energy-momentum tensor of SM gluon 8 . 7 As mentioned earlier, this mass is ≈ 1.5MKK, where MKK is the gauge KK mass. 8 we set √ kπrc = 5.83 here And, decay proceeds via
This gives the total decay width:
and the branching ratios (BRs):
After the above overview of KK graviton couplings, we discuss studies of two specific decay channels.
KK graviton → ZZ
We estimate the KK graviton discovery potential at the LHC using the ZZ decay channel where one Z bosons decays leptonically and the other hadronically. For high graviton masses, the produced Z bosons are highly boosted and the two quarks from the hadronically decaying Z boson are expected to be inside the same jet. Thus the final state topology consists of two isolated leptons and one highly energetic massive jet. The events are selected using the following criteria:
To reduce the background, the signal region is defined by requiring:
The Z+Jets events form the dominant SM background. The background and the signal are both simulated with MadGraph 5. The model is implemented into Madgraph 5 [33] using the FeynRules [34] package. The events are then passed to Pythia 6 [35] for showering and hadronization. The Delphes 3 program is used for fast detector simulation and for object reconstruction. The jets are reconstructed using the anti-k t algorithm [36] with a radius parameter 0.6.
In Figs. 3.a and 3.b we present the 95% confidence level exclusion plots for KK graviton mass in the decay channel pp → KK graviton → ZZ → µ + µ − jj at the √ s = 14 TeV and √ s = 33 TeV respectively. On both plots, the blue dashed curve corresponds to the Case I (the t R near TeV brane) while the solid green curve to the Case II (Q 3 L near the TeV brane). The limits on the signal rate are determined using the CL s method [37, 38] . 
Reinterpretation of the search for narrow tt resonances
The search for narrow tt resonances in the all-hadronic final state described in Sec. 3.2 is reinterpreted in terms of limits on KK gravitons as discussed in Ref. [32] decaying to tt. Four scenarios are investigated following the notation convention as in the reference:
• t R near the TeV brane with c = 0.5,
• t R near the TeV brane with c = 1.0,
• t L near the TeV brane with c = 0.5, and
• t L near the TeV brane with c = 1.0.
Tab. 3 shows the signal cross sections used in the reinterpretation. The k-factor of 1.3 used in the leptophobic top-color Z analysis is also used here, although it has only limited validity in this scenario.
Figs. 4 and 5 show the 95% CL limits on the cross section of a narrow resonance overlaid with the expected cross sections for the KK graviton models. The mass limits for the KK gravitons are given in Tab. 4 for the different pile-up and luminosity scenarios for statistical uncertainties only and with systematic uncertainties included. If the mass limits is denoted < 2 TeV, the analysis is not sensitive to resonance mass above 2 TeV. With 3000 fb −1 of data at 14 TeV, KK gravitons can be excluded with masses up to 2.8 (2.3) TeV in the t R (t L ) scenarios with c = 1.0. For c = 0.5, however, the sensitivity does not reach 2 TeV for the resonance mass when systematic uncertainties are taken into account. 
KK gluon [39]
Kinematics of heavy s-channel resonance decays are characterized by decay products with a significant boost. The energy frontier searches for heavy di-top resonances thus hinge on our ability to efficiently tag highly energetic top quarks. Identifying boosted tops with p T < 1 TeV has become possible in the light of numerous recent developments in the field of jet substructure [40, 41, 42, 43, 44, 45, 46, 47, 48] , while efficiently tagging the tops in the ultra-high boosted regime (e.g. p T > 1 TeV) remains a challenge. In this section, using RS KK gluon as an example, we estimate the discovery potential for a top pair resonance in the future 14 TeV LHC experiment using jet substructure techniques (more precisely, the Template Overlap Method (TOM) [47] ). TOM has been extensively studied in the past in the context of theoretical studies of boosted top and boosted Higgs decays [44, 47, 49] , as well as used by the ATLAS collaboration for a boosted resonance search [50] at √ s = 7 TeV. The method is designed to match the energy distribution of a boosted jet to the parton-level configuration of a boosted top decay, with all kinematic constraints taken into account. Because our analysis focuses on events in which one top decays hadronically and the other semi-leptonically, we employ two different formulations of TOM. The hadronic TOM which is designed to tag the fully hadronic decays of the top, and the leptonic TOM [51] , designed to take into account decays with missing energy 9 . The latter is particularly useful in compensating for the loss of rejection power due to the absence of efficient b-tagging methods at high p T .
Low susceptibility to intermediate levels of pileup (i.e. 20-50 interactions per bunch crossing), makes TOM particularly attractive for boosted top analyses at the LHC. Refs. [49, 51] showed that the ability of TOM to tag the top jets is nearly unaffected even at 20-50 interactions per bunch crossing, with the W +jets mistag rate changing by as little as 10% at, thus nearly eliminating the need for pileup subtraction / correction at intermediate pileup levels. 
Template Overlap Method
We begin with the definition of the hadronic peak template overlap [44, 47, 49] :
where p T,a is the transverse momentum of the a th template parton, p T,i is the transverse momentum of the i th jet constituent and f is the set of all possible parton level configurations which satisfy the kinematic constraints of a boosted top decay (called "templates"):
where p 1,2 are two of the three template momenta and P is the four momentum of the boosted top. The function F (n i ,n a ) restricts the sum over i and a to non-intersecting angular regions centered around each template momentum p a :
where ∆R = δφ 2 + δη 2 is the distance between the template parton and the jet constituent. The coefficient in Eq. 9 compensates for the energy deposited outside the template sub-cone, while the weight σ a defines the resolution of the observable Ov h 3 . Here we use σ a = p T,a /3. For simplicity, we will keep all = 1, without the loss of generality or significant effects on the mass reach of resonance searches.
Similar to Eq. 9 we use the definition of leptonic peak overlap of Ref. [51] :
where F is defined as
and ∆φ is the azimuthal distance between the template parton and the total E T / . The Ov l 3 definition differs from Eq. 9 in two major ways. First, Eq. 12 explicitly keeps track of the particle species and second, only the transverse component of the missing energy is taken into account. We choose to rotate each leptonic top template into the frame in which the first template parton is aligned with the lepton, due to the absence of a well defined "jet axis". Note that the two formulations of template overlap are compatible enough so that the same set of template states can be used in both.
For the purpose of our analysis, we generate the template sets in the boosted top frame at fixed transverse momentum with a sequential scan in 50 steps in η, φ for the first two template momenta, while the third parton is determined by conservation of energy. We consider a range of p T = 500 − 1600 GeV in steps of 100 GeV, resulting in 12 template p T bins.
For hadronic top templates we use fixed template sub-cones at fixed template p T , with dependence of the sub-cone size with the transverse momentum of the boosted top described by the scaling rule
where we limit the range of r a to the interval of [0.07, 0.3]. The lower limit on the template sub cone size serves to take into account the detector resolution, as well as match the optimal value for the template sub cone at p T = 1 TeV. The leptonic top template for the b quark uses the same scaling rule of Eq. 14, while for the neutrino we use a fixed r ν = 0.2.
The output of TOM is not limited to the peak overlap score, Ov h,l 3 . Additional information about the boosted top decay is contained in the peak template momenta. An additional correlation, useful in discriminating boosted tops from light jets is Template Planar Flow [47] :
and p i k ≡ p i T (η i , φ i ) are the two-vectors constructed from p T , η, φ of the three peak template momenta. Template planar flow is useful in distinguishing decay configurations which lie on a straight line in the plane perpendicular to the top boost (low tP f ≈ 0) from the decays which are not aligned on a line (tP f ≈ 1). The formulation of tP f is similar to Jet Planar Flow, with an important difference that it is intrinsically infra-red safe and weakly sensitive to pileup.
Results
We consider two Snowmass benchmark points: the Case 1 RS KK gluon (Right handed, top near the brane) of M G KK = 3, 5 TeV, and a Case 2 RS KK gluon (Left handed, bottom near the brane) with M G KK = 3, 5 TeV as well. The coupling strengths to left and right heavy quarks in both cases are given in Table 5 , while for production, we take the coupling to light quarks to be −0.2 of SM QCD (for both Cases 1 and 2). Note that the SM QCD coupling here should be evaluated at a few TeV.
We consider a signal of the form
where we require one top to decay hadronically and the other leptonically. The main background channels consist of SM tt and W jj.
We generate the data using MadGraph [33] + Pythia [24] , with CTEQ6M [53] parton distribution functions at √ s = 14 TeV, while jet clustering is performed using the FastJet [54] implementation of the anti-k T algorithm with a jet cone of R = 1.0 for the fat jet. All SM events are matched to an extra jet using the MLM matching [55] prescription. Note that we do not impose an implicit mass window on the top jets, and instead rely on the intrinsic mass filtering ability of TOM as a pileup insensitive alternative to a mass window.
We separately analyze events with no pileup and with N vtx = 50 interactions per bunch crossing in order to illustrate the effects of pileup on the analysis. Note that we do not employ any pileup subtraction / correction to the events, but instead focus on observables which are weakly sensitive to pileup. For instance, we determine the transverse momentum of the hadronically decaying top based on the scalar sum of the transverse momenta of the decay products of the leptonic top which recoils against it. The method serves both as a pileup-insensitive estimate of the hadronic top p T as well as a discriminant against SM di-top events in which significant next-to-leading order effects of hard gluon emissions are non-negligible. We pre-select the events which satisfy the following "Basic Cuts":
where p j R=1.0 T is the transverse momentum of the hardest fat jet, N out l,j is the number of leptons with p T > 25 GeV and mini-ISO > 0.95 (l) [56] or anti-k T r = 0.4 jets outside the fat jet (j), and ∆φ jl is the transverse plane angle between the fat jet and the lepton.
Our "leptonic top" candidate consists of the mini-isolated lepton, missing energy and a b-jet candidate, which we select to be the hardest r = 0.4 anti-k T jet within the distance of R = 1.5 from the lepton.
We define our signal region with the following substructure cuts (in addition to Basic Cuts):
In addition, we only consider events with m TT > 2.8, 3.5 TeV for M G KK = 3, 5 TeV respectively, where m TT is the invariant mass of the leptonic and hadronic peak templates. Table 7 summarizes our results for Case 1. TOM is able to improve S/B relative to the Basic Cuts by a factor of 10, while the signal significance improves by three-fold. The effect of 50 average pileup events is mild, with the apparent improvement in significance being due to the requirement on the lower p T of the fat jet in the Basic Cuts. More background events pass the Basic Cuts in the presence of pileup but are efficiently rejected by TOM, thus causing a virtual improvement in the signal significance. The efficiency of the overlap cut on SM tt events is significantly lower than the signal tt events, due to the higher order effects becoming more prominent in high energy SM tt events. We achieve significantly better sensitivity for higher masses at L = 3000 fb −1 , with S/ √ B ≈ 4 − 5 for M G KK = 5 TeV. Compared to 300 fb −1 , and S/ √ B ≈ 1.5, we find that increasing luminosity in Case 1 could significantly improve the reach of the search.
Similarly, Table 8 summarizes our results for Case 2. We find that TOM again improves the signal significance by three-fold while S/B is improved by a factor of roughly 10. However, due to the lower signal cross section, neither the increase in luminosity to L = 3000 fb −1 nor TOM sufficiently improves the significance for M G KK = 5 TeV. Effects of pileup at 50 average interactions per bunch crossing are mild, with the results in S/B and S/ √ B being within 10%. We find that an increase in center of mass energy alone does not suffice to extend the experimental reach for the Case 2 KK gluon with mass M G KK = 5 TeV. However, a combination of increase in √ s to 33 TeV and the integrated luminosity of 3000 fb −1 can yield a 7σ signal as shown in Table 9 . Fig. 6 shows the results for the 95% CL sensitivity of the Case 2 KK gluon search at √ s = 14 TeV and L = 300, 3000 fb −1 . We include a 5% systematic uncertainty in the background into the calculation via a convolution with a log-normal distribution centered around the expected number of background events. We find that KK gluon masses up to ≈ 3.6 TeV can be excluded at L = 300 fb −1 , and masses up to ≈ 4.1 TeV at L = 3000 fb −1 . Fig. 7 shows the corresponding sensitivity for the Case 1 KK gluon. We find that masses up to M G KK ≈ 4.8 TeV can be excluded at 14 TeV with 300 fb −1 , while the increase in luminosity to 3000 fb −1 only modestly improves the exclusion limit on M G KK . Table 6 summarizes the results for 2σ, 3σ and 5σ reach.
Although the prospects for discovery of a KK gluon with mass of several TeV using jet substructure are good, the mass measurement is a more challenging task. Fig. 8 shows an illustration. Strongly coupled resonances are typically characterized by large total decay widths, which in combination with the effects of PDF broadening result in a signal, which is smeared over a wide range of m TT . The mass measurement using a "bump fitting" technique will thus be challenging. Without the use of TOM, the measurement of m TT is further complicated by the fact the Basic Cuts are sensitive to higher order effects (i.e. a hard gluon emission from a top quark) which further contribute to the smearing of the mass peak.
KK Z, γ [57]
Schematically, we get→ KK Z, γ → W W, Zh (and tt, bb)
There are actually three neutral KK states (generically denoted by Z ): KK photon (denoted by A 1 ), KK Z, and a KK mode of an extra U (1) (again, with no corresponding zero-mode). The latter states mix after EWSB 10 and the mass eigenstates are denoted byZ 1 is "mostly" KK Z andZ X 1 is mostly the extra U (1).
The dominant decay modes are to tt, W W and Zh, each with a cross-section of ∼ O(10) fb for a 2 TeV Z with a total decay width of ∼ 100 GeV. However, the tt channel can be swamped by KK gluon → tt if the Z and KK gluon have similar mass.
The couplings relevant for production (for both cases I, II) are
The notation used is that the coupling
The decay into gauge bosons (for both cases I, II) is determined by details of the dependence on KK mass, see references above. where the notation used is that the couplings γW W and ZW W in SM are −g sin θ W and −g cos θ W (respectively), with g ≈ 0.65. Finally, the decays to SM fermions are given by
for both cases I, II, respectively. Having summarized the couplings of KK Z, γ, we now move on to two specific searches that were studied as part of the Snowmass 2013 process.
KK Z → ZH
Samples of 10,000 signal events are generated using our implementation of the model in CalcHEP [58] with the first KK excitation Z KK forced to decay to the ZH final state. Z KK masses of 2 and 3 TeV are chosen and the corresponding cross sections are shown in Table 10 . For background processes, Z+jets events are generated with MadGraph 5.11 [33] and Pythia 6.420 [35] for parton shower and hadronization. Those events are produced separately for one-and two-jet topologies, and light vs. heavy flavors, see Table 11 . A minimum p T requirement is imposed on the dilepton pair to enhance the available integrated luminosity in the final signal region with a lower (higher) minimum value for the study of 2 (3) TeV Z KK , corresponding to the upper (lower) portions of Table 11 . Signal samples are processed through Pythia 8.176 [24] to produce parton showers and hadronize partons. Final decays Z → e + e − , Z → µ + µ − and H → bb are forced at this stage with a Higgs mass set to 125 GeV. For the data analysis described below the following branching ratios are 
assumed: BR(Z → + − ) = 0.067 and BR(H → bb) = 0.588. Detector simulation is performed with Delphes 3.0.9 [26] including the effects of 50 pileup collisions. Signal event candidates are selected based on the following object requirements:
• Electrons and muons have transverse momentum p T > 25 GeVand pseudorapidity |η| < 2.5;
• Both are required to be isolated from other tracks in the event, i.e. the ratio between the sum of transverse momenta of track within a cone of ∆R = (∆η) 2 + (∆φ) 2 = 0.3 and the lepton p T and is less than 10%: Σp tracks T /p T < 0.1, where the sum excludes all leptons of the same flavor as the candidate lepton; this is done to avoid removing Z → decays with a highly boosted lepton pair;
• Jets reconstructed with the anti-k t algorithm with a distance parameter of 0.5 must have p T > 100 GeV and |η| < 2.5;
• Jets must pass the loose b-tag requirements.
Z candidates are formed from pairs of same-flavor leptons without any requirement on their electric charge. In case there are more than one candidate in each event, a single candidate is chosen by selecting the lepton pair with mass closest to the Z boson mass. Finally, this pair is required to have a mass within 15 GeV of the Z boson mass. The above selection has an efficiency of about 40% for signal events.
H candidates are identified from the set of b-tagged jets with a jet mass within 20 (25) GeV of the Higgs boson mass for a Z KK mass of 2 (3) TeV, respectively. With a distance parameter R = 0.5, H → bb final state particless are expected to be merged into a single jet. For example, a Higgs boson with p T = 1 TeV would produce two b quarks with an angular separation ∆R = 2m H /p T = 0.25. Jet mass distributions for signal decays of 2 and 3 TeV masses are presented in Fig. 9 . The jet selection is about 31% (33%) efficient for signal events.
Finally, ZH candidates must pass the following requirements:
• Z candidate p T > 500 GeV;
• H candidate p T > 500 GeV;
• cosine of the angle between the Z and H candidate momentum vectors is less than −0.5; • ZH mass is within 200 (300) GeV of the target Z KK mass for the 2 (3) TeV Z KK cases.
The overall acceptance times efficiency for the full selection is about 12% (14%) for Z KK mass of 2 (3) TeV.
Figs. 10 and 11 show the mass distributions for the ZH candidates passing all selection criteria, except the final mass window cut, in the Z KK mass = 2 (3) TeV cases, respectively. Table 12 presents the signal and background event yields after all selection requirements listed above are applied. Both 2 and 3 TeV mass points can be observed with significance (S/ √ B) above 5σ with an integrated luminosity of 3000 fb −1 . For the 2 TeV case, 300 fb −1 would be sufficient for a discovery with a significance of 6.1. 
Reinterpretation of the search for narrow tt resonances
The search for narrow tt resonances in the all-hadronic final state described in Sec. 3.2 is reinterpreted in terms of limits on KK Z and Z 1 bosons decaying to tt. Tab. 13 shows the signal cross sections used in the reinterpretation. The k-factor of 1.3 used in the leptophobic top-color Z analysis is also used here, although it has only limited validity in this scenario. Fig. 12 shows the 95% CL limits on the cross section of a narrow resonance overlaid with the expected cross sections for the KK models. The mass limits for the KK Z boson are given in Tab. 14 for the different pile-up and luminosity scenarios for statistical uncertainties only and with systematic uncertainties included. If the mass limit is denoted < 2 TeV, the analysis is not sensitive to resonance mass above 2 TeV. No mass limits are given for the Z 1 boson given the low predicted cross section for this process. With 3000 fb −1 of data at 14 TeV, KK Z bosons can be excluded with masses up to 2.8 TeV using this analysis in the all-hadronic tt decay channel. 
KK W [22]
Here, we get→ KK W → W Z, W h(and tb)
It turns out that in addition to KK W + L , these models also have a KK W + R (with no corresponding zero-mode), due to the custodial (i.e., extended 5D gauge) symmetry. These two KK states mix after EWSB and the mass eigenstates are denoted byW (10) fb each with a total decay width of ∼ O(100) GeV. In some models, W decays to tb -giving boosted top and bottom -can also have similar cross-section. Interestingly, the process KK gluon → tt -with KK gluon mass being similar to W -can be a significant background to this channel since a highly boosted top quark can fake a bottom quark: techniques similar to the ones used to identify highly boosted tops can now be applied to veto this possibility! The production (for both cases I and II) goes viã
where the notation used is that the coupling d L u L W in SM is g/ √ 2. The decay to gauge bosons (for both cases I and II) depend oñ
while that to SM fermions are given byW
for case I and
Next, we describe a study of a specific decay channel for KK W .
KK W → W h
The discovery potential of the KK W + L at the 3000 fb −1 LHC is studied using the Wh decay channel where W bosons decays leptonically and H bosons decaying to bb. The signal samples are generated using our implementation of the model in CalcHep 3.4.2 [58] . The W +jets and tt events, the dominant SM background processes, are simulated with Madgraph 5.11 [33] . Both signal and background events are then passed to Pythia 6.420 [35] for showering and hadronization. The Delphes 3.0.9 [26] program is used with Snowmass fast detector simulation settings for object reconstruction. Note that this study was done without pile-up. However, because of the high kinematic cuts we applied we expect that it should be relatively insensitive to pile-up effects.
For high KK W + L masses, the produced Higgs bosons are highly boosted and the two bottom quarks from the hadronically decaying Higgs boson are expected to be reconstructed as one jet due to limited hadronic calorimeter resolution. Thus the final state topology consists of one isolated lepton (e or µ), large transverse missing energy and one highly energetic massive jet. The events are selected using the following criteria:
• one and only one lepton:
• one and only one b-jet:
The lepton is either electron or muon and the track isolation criteria is calculated within distance parameter 0.3. The jets are reconstructed using the anti-k t algorithm with a distance parameter 0.5. The DELPHES loose b-tag efficieincy is applied; it corresponds to 80% efficiency for b-jets and 6% efficiency for light jets. The one and only one b-jet selection can significantly reduce the top background which usually produces multiple b-jets. To further improve the signal purity, the additional Higgs candidate selection is applied to thet jet:
This selection is based on the fact that the Higgs decaying from the KK W + L is highly boosted with large transverse momentum and so the jet, with distance parameter R=0.5, is expected to contain both decayed b-quarks.
Finally, the KK W candidate must pass the following additional criteria:
• W candidate p T > 500 GeV,
• 2.4 TeV < m W,H < 3.2 TeV (2.9 TeV < m W,H < 4.1 TeV) for the 3 (4) TeV W KK cases.
The φ l,ν selection is based on the fact that the W is highly boosted and so the lepton and neutrino are expected to be highly collimated. The angle between the lepton and the missing energy in the xy-plane should be small. Furthermore, since the KK W has little transverse momentum, we expect the angle between the W and Higgs, and therefore the lepton and jet, in the xy-plane to be very large. 
Heavier KK fermions [21]
The KK fermions in the minimal model being 2 TeV or heavier, even single production of these particles can be very small (pair production is even smaller).
3.8 Light KK fermions (a.k.a. "Top partners") [59] As mentioned above, in non-minimal models, KK partners of top/bottom can be light so that their production (both pair and single, the latter perhaps in association with SM particles) can be significant. As these particles are "top-like" with respect to their production at the LHC, the yields can be sizeable. For example, the pair production cross-section of a KK bottom with mass of 500 GeV is ∼ 1 pb at √ s = 10 TeV. These particles decay into t/b + W/Z/h, where the W/Z can be somewhat boosted at the LHC (even for fermionic KK partners with masses as low as ∼ 500 GeV). Some of these light KK fermions can have "exotic" electric charges -for example, 4/3 and 5/3. This makes them appealing with respect to a generic b /t from, for example, a minimal extension of the number of SM generations. For details, see references given above and Snowmass 2013 studies of "Heavy fermions" under simplified models [60] .
In addition, the other heavier (spin-1 or 2) KK modes can decay into these light KK fermions, resulting in perhaps more distinctive final states for the heavy KK's than the pairs of W/Z or top quarks that have been studied so far -for such a study for KK gluon, see reference [61] .
Indirect KK effects
In addition to signals from the direct production of the KK particles at the LHC, there can also be effects from virtual exchange of these KK particles on the properties of the SM particles themselves. Again, details are given in the references.
Top couplings to gauge bosons
The shift in coupling of top quark to Z, relative to that in the SM, is given by (section 4.1 of [62] (22) but only for case II (i.e., LH top/bottom being localized close to the TeV brane).
Top-Higgs coupling
The shift is given by [63] :
Higgs couplings to gauge bosons
The shifts in Higgs couplings to W , Z are as above for top quark (1st term there only). For massless gauge bosons, we get [64] :
It turns out that the above shifts (especially the latter ones) are [mostly O(1)] different [65] for the case of "gauge-Higgs unification" (where the Higgs boson is realized as A 5 [9] ) as compared to the model where it is a mode of a 5D scalar field.
Triple -gauge-couplings
We estimate:
the smallness of which is related (perhaps as expected in most theories) to that of precision EW observables (such as the S parameter).
Additional considerations
Note that in general, brane-localized kinetic terms for 5D fields are allowed [66] , but we have assumed them to be negligible here. Similarly, the metric can deviate from pure AdS 5 near TeV brane [67] . Both these cases result in O(1) variations (relative to the above framework) of the phenomenology. And, the UV-IR hierarchy can be from flavor scale (only) of ∼ 1000's of TeV to EW scale [68] . In this case, the phenomenology is qualitatively similar, but can be different by more than O(1). The really/qualitatively different modifications are as follows.
Flavor
As mentioned above, we do need flavor symmetries to allow a few TeV KK scale to be consistent with the relevant precision tests. The signals outlined above are largely independent of the details of this implementation; of course, any flavor-violating signals will depend on it. In addition, flavor symmetries can allow the possibility of light fermions being localized near the TeV brane (while not explaining the flavor hierarchy as outlined in the above framework). For these details, see companion note [15].
Dark Matter
There is no candidate for dark matter (DM) in the minimal model presented above, for example, there is no KK-parity (unlike in UED). However, in a well-motivated extension, it turns out that a DM candidate emerges naturally 11 . Namely, when we incorporate a GUT into the above framework, then suppressing proton decay gives a weakly-interacting massive particle (WIMP) DM candidate as a spin-off [8] . In this model, in addition to DM, there are (as is usual in WIMP models in general) other states charged under Z 3 , but which are also charged SM: these have to decay into DM, plus SM: see section 15 of 2nd reference in [8] . In particular, the DM stabilization symmetry is Z 3 (cf. Z 2 in UED or SUSY), which can have interesting consequences for DM signals: see references [70] for studies of this kind (in general).
Gauge-Higgs unification
Since this involves a further extension of the EW gauge symmetry, one obtains extra spin-1 particles, but these are typically heavier: see [71] for a study 12 .
Summary
The framework of warped extra dimension is a well-motivated extension of the SM. In this whitepaper prepared for the Snowmass 2013 process, we have described searches at the LHC for the spin-1 and spin-2 KK particles in this framework. We find that the prospects for discovery of these particles are quite promising, especially at the high-luminosity upgrade.
